High-tech metals, including Ga, Ge and In, are critical for the performance of electrical and electronic equipment (EEE). None of these three metals exist in mineable levels in natural minerals, and thus their availability and production are dependent on the primary and secondary base metals (including Zn, Al and Cu) production. To secure the supply of high-tech metals in the future, their behavior, including distribution coefficients (L Cu/s = [wt% M] in copper /(wt% M) in slag ), in primary and secondary processes need to be characterized. This study reports three series of copper-slag distribution experiments for Ga, Ge and In in simulated secondary copper smelting and refining process conditions (T = 1300 • C, pO 2 = 10 −9 -10 −5 atm) using a well-developed drop-quench technique followed by EPMA and LA-ICP-MS analyses. This study shows how an analytical technique more traditionally applied to the characterization of ores or minerals can also be applied to metallurgical process investigation. The LA-ICP-MS analysis was used for the first time for measuring the concentrations of these minor elements in metallurgical glasses, i.e., slags, and the results were compared to the geological literature. The distribution coefficient of indium increased as a function of decreasing oxygen partial pressure from 0.03 to 10, whereas the distribution coefficient of gallium was 0.1 at 10 −9 atm and decreased as the pO 2 increased. The concentrations of gallium in slags were between 0.4 and 0.6 wt% and germanium around 1 ppm. Germanium was vaporized almost entirely from the samples.
Introduction
Today's industrialized world is dependent on advanced technology. The increase in wealth and well-being of people is largely achieved by spreading and developing technology and technical innovations. New and specialized properties in electronic equipment (EEE), including artificial intelligence (AI) and improved processing capabilities, require sustainable and sophistically tailored material solutions. This means that new materials and precious as well as rare elements are employed in increasing quantities to fulfill the demand on the range of metal alloy properties in EEE. Simultaneously, primary ore resources are becoming depleted, and new metal sources must be found. This has created a need to improve and develop recycling and recovery processes of critical metals from obsolete EEE and other wastes. Consequently, studies investigating critical element contents in WEEE (Waste EEE) and WEEE recycling practices have become popular subjects in environmental sciences [1] [2] [3] [4] [5] . Basically, all metal scrap fractions are treated in base metal smelting facilities. Thus, fundamental knowledge on the thermodynamic properties of minor elements in these smelting processes is critical for the Minerals 2019, 9, 367 ; doi:10.3390/min9060367 www.mdpi.com/journal/minerals Minerals 2019, 9, 367 2 of 13 improvement of metal recoveries. The experimental observations and data measured in this study provide information on minor element behavior and their recovery possibilities, as well as process development suggestions for industry. Furthermore, these types of data are applicable for database development in modeling and simulation programs. Base metals have been recycled (to some extent) for hundreds or even thousands of years. Naturally, they still form the basis for metal recycling, and only limited quantities of minor elements are recycled. Typically, the minor elements recovered are the ones existing in sufficient quantities in the raw materials and/or have a strong affinity towards a specific phase or material stream, wherefrom they can be recovered relatively easily and efficiently. However, multiple other rare and special metals that are critical for our society, such as Ga and Ge, are still lacking proper recycling processes and their overall recycling rates are practically zero. Few advanced, integrated state-of-the-art recycling facilities [6, 7] exist, which recover multiple minor elements in addition to the base metals. In these integrated factories, the recovery of metals is based on different base metal smelting processes that interact with each other. Minor elements have different thermodynamic properties and tendencies towards different carrier metals in each metal smelting process and stage [8, 9] . This type of state-of-the-art recycling approach should be expanded around the world and broadened to cover the recovery of multiple minor critical metals.
The distribution studies on Ga, Ge and In found in the literature for pyrometallurgical copper-slag systems have been described previously [10, 11] . In addition, geological literature includes experimental studies on how elements behave and partition in different types of sulfide/metal/metal alloy-glass systems, related to the formation of the earth's core and crust. These data can provide the first estimations regarding the behavior of multiple elements also for process metallurgists, and the results can also be compared to some extent to minor element distributions in industrial process conditions; the laws of nature hold true in both cases. Geological literature includes quite an extensive amount of studies considering high-tech metals [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . Nevertheless, the number of distribution studies are limited and have been executed in different systems (e.g., Fe-glass) and experimental conditions (higher T, P and lower pO 2 ) than those prevailing in copper smelting processes. Cabobianco et al. [17] investigated Ga and Ge partitioning between solid Ni-Fe alloy and eucritic basalt glass in alumina crucibles at 1260 • C and in pO 2 = 10 −13 -10 −8 atm (P = 1 atm). Schmitt et al. [18] also studied Ge and Ga in Ni-Fe alloy and tholeiitic basalt system at 1300 • C (pO 2 = 10 −14 -10 −10 atm) and 1600 • C (pO 2 = 10 −12 -10 −8 atm). Two studies found regarding the behavior of gallium between metal and liquid silicates in highly reducing conditions (pO 2 = 10 −13 -10 −12 bar, P ≤ 1 bar) at 1190 to 1330 • C [19, 20] . Mann et al. [21] studied indium and gallium partitioning between Fe-metal and silicate melt at 1750 to 2600 • C (∆IW (iron-wustite buffer) from −1.3 to −4.2, 2-24 GPa). Moreover, Righter et al. [22] investigated volatile siderophile elements germanium and indium partitioning between iron alloy and silicate between ∆IW from −0.81 to −7.1 (1 GPa) at 1500 to 1900 • C.
To develop and improve the minor element recoveries in smelting processes, more precise data on their behavior is required. This study employs highly advanced and accurate experimental-analytical techniques to determine solute concentrations and/or distribution coefficients of indium, gallium and germanium between metallic copper and silica-saturated iron-silicate slags with additions of slag modifiers Al 2 O 3 and CaO. The experiments were executed in simulated secondary copper smelting conditions in the oxygen partial pressure range of 10 −9 to 10 −5 atm at 1300 • C.
Materials and Methods
The drop-quench technique employed in this study is already relatively widely used in phase equilibria studies [23, 24] , and nowadays also in minor element investigations [25, 26] . The critical steps of the technique include (1) sample precursor preparation, (2) equilibration-quenching experiments and (3) EPMA measurements. The newest step included in the experimental chain is (4) LA-ICP-MS analyses.
The sample precursor preparation was executed by homogenizing a copper master alloy including approximately 1 wt% of Ga, Ge and In each (Alfa Aesar, purity >99.99%). Furthermore, slag mixtures of Fe 2 O 3 -SiO 2 , Fe 2 O 3 -SiO 2 -10Al 2 O 3 and Fe 2 O 3 -SiO 2 -10Al 2 O 3 -5CaO (high purity powders >99.9%) for different conditions were prepared. The preparation processes of copper alloy and slags are described in our previous manuscripts [10] and [27] , respectively. Figure 1 represents the calculated phase diagram of copper-free (red lines) and copper-saturated (black lines) Al 2 O 3 -SiO 2 -FeO x system superimposed at 1300 • C and 10 −5 atm with the "target point" for copper-and silica-saturated iron-silicate slag including 10 wt% Al 2 O 3 . The phase assembly of this point is shown in the micrograph of a sample taken from the aforementioned experimental conditions. Minerals 2019, 9, x FOR PEER REVIEW 3 of 13 calculated phase diagram of copper-free (red lines) and copper-saturated (black lines) Al2O3-SiO2-FeOx system superimposed at 1300 °C and 10 −5 atm with the "target point" for copper-and silicasaturated iron-silicate slag including 10 wt% Al2O3. The phase assembly of this point is shown in the micrograph of a sample taken from the aforementioned experimental conditions.
Figure 1.
One of the slag target points in this study shown in Al2O3-SiO2-FeOx phase diagram and in the corresponding sample micrograph. The phase diagram is calculated employing the MTDATA and MTOX database [28] .
The phase diagram shows the influence of copper on Al2O3-SiO2-FeOx system; it expands and slightly moves the slag (oxide liquid) region downwards from the SiO2 corner. Without copper in the system, the target point of oxide liquid, including 10 wt% Al2O3 would not be possible to reach, see the target black line in the figure. The micrograph in Figure 1 includes homogeneous copper and tridymite phases, whereas the slag contains some visible (bright) copper segregations. At high partial pressure of oxygen, 10 −5 atm, the slag has a high concentration of copper, causing difficulties in quenching the phase into fully homogeneous glass. Note that only pure and alumina-containing iron-silicate slags at 10 −5 atm, when the concentration of copper in the slag was above 15 wt%, exhibited these copper segregations. Large analysis spots, 20-100 µ m, were employed in the EPMA analyses for copper and slag, to achieve representative phase composition results including possible segregations and inhomogeneities.
The equilibrium experiments were executed in a vertical resistance furnace manufactured by Nabertherm (RHTV 120-150/18, Lilienthal, Germany) with a Nabertherm P310 temperature controller. The sample materials-copper alloy and slag-were measured as 0.1 g each and pressed to pellets. The pellets were placed in silica crucibles (Heraeus, HSQ ® 300 by Finnish Special Glass, Espoo, Finland) and equilibrated for 16 h at 1300 °C in an appropriate gas atmosphere (CO-CO2). To end the experiment, the sample was rapidly quenched into ice-water mixture or brine, to maintain and analyze the achieved high-temperature equilibrium assembly and phase compositions at room temperature. The samples were prepared with metallographic methods for SEM-EDS, EPMA and LA-ICP-MS analyses. SEM-EDS (LEO 1450, Zeiss, NY, US) was used to obtain micrographs of the samples, and preliminary analyses were also made to verify that equilibrium had been reached. EPMA (Cameca SX-100, France) was used to measure all the elements present in all the phases. The analyzed lines and standards used were as follows: Si Kα (quartz), Al Kβ (Al2O3), Cu Kα (Cu), Fe Kα (hematite), Ge Kα (Ge), Ga Kα (GaAs), O Kα (hematite), Ca Kα (diopside) and In Lα (InAs). More details on the experimental equipment, execution of the experiments and electron microscope settings can be found in our previous publications [10, 11] . The detection limits for Ge, Ga and In with EPMA and LA-ICP-MS are presented in Table 1 . The EPMA totals of individual points were between 98 and 100.5%. The phase diagram shows the influence of copper on Al 2 O 3 -SiO 2 -FeO x system; it expands and slightly moves the slag (oxide liquid) region downwards from the SiO 2 corner. Without copper in the system, the target point of oxide liquid, including 10 wt% Al 2 O 3 would not be possible to reach, see the target black line in the figure. The micrograph in Figure 1 includes homogeneous copper and tridymite phases, whereas the slag contains some visible (bright) copper segregations. At high partial pressure of oxygen, 10 −5 atm, the slag has a high concentration of copper, causing difficulties in quenching the phase into fully homogeneous glass. Note that only pure and alumina-containing iron-silicate slags at 10 −5 atm, when the concentration of copper in the slag was above 15 wt%, exhibited these copper segregations. Large analysis spots, 20-100 µm, were employed in the EPMA analyses for copper and slag, to achieve representative phase composition results including possible segregations and inhomogeneities.
The equilibrium experiments were executed in a vertical resistance furnace manufactured by Nabertherm (RHTV 120-150/18, Lilienthal, Germany) with a Nabertherm P310 temperature controller. The sample materials-copper alloy and slag-were measured as 0.1 g each and pressed to pellets. The pellets were placed in silica crucibles (Heraeus, HSQ ® 300 by Finnish Special Glass, Espoo, Finland) and equilibrated for 16 h at 1300 • C in an appropriate gas atmosphere (CO-CO 2 ). To end the experiment, the sample was rapidly quenched into ice-water mixture or brine, to maintain and analyze the achieved high-temperature equilibrium assembly and phase compositions at room temperature. The samples were prepared with metallographic methods for SEM-EDS, EPMA and LA-ICP-MS analyses. SEM-EDS (LEO 1450, Zeiss, NY, US) was used to obtain micrographs of the samples, and preliminary analyses were also made to verify that equilibrium had been reached. EPMA (Cameca SX-100, France) was used to measure all the elements present in all the phases. The analyzed lines and standards used were as follows: Si Kα (quartz), Al Kβ (Al 2 O 3 ), Cu Kα (Cu), Fe Kα (hematite), Ge Kα (Ge), Ga Kα (GaAs), O Kα (hematite), Ca Kα (diopside) and In Lα (InAs). More details on the experimental equipment, execution of the experiments and electron microscope settings can be found in our previous publications [10, 11] . The detection limits for Ge, Ga and In with EPMA and LA-ICP-MS are presented in Table 1 . The EPMA totals of individual points were between 98 and 100.5%. Laser ablation-inductively coupled plasma-mass spectrometry was utilized to analyze gallium, germanium and indium concentrations in metallurgical slags for the first time. This is an in-situ micro sampling technique that can be used for accurate quantification of very low concentrations (<10 ppb) of elements in a wide range of materials, including the glassy phases analyzed here. Geologists and earth scientists have used it for approximately 30 years [29] for analyzing elements in low concentrations in different geomaterials, and to explain their distribution behavior in the formation of earth's crust (e.g., formation of various ore deposit types). Today, the capabilities of the technique for also analyzing metallurgical samples has been acknowledged [30, 31] . The equipment used in this study is shown in Figure 2 . Laser ablation-inductively coupled plasma-mass spectrometry was utilized to analyze gallium, germanium and indium concentrations in metallurgical slags for the first time. This is an in-situ micro sampling technique that can be used for accurate quantification of very low concentrations (<10 ppb) of elements in a wide range of materials, including the glassy phases analyzed here. Geologists and earth scientists have used it for approximately 30 years [29] for analyzing elements in low concentrations in different geomaterials, and to explain their distribution behavior in the formation of earth's crust (e.g. formation of various ore deposit types). Today, the capabilities of the technique for also analyzing metallurgical samples has been acknowledged [30, 31] . The equipment used in this study is shown in Figure 2 . The equipment ( Figure 2 ) is a Photon Machines Analyte Excite 193 nm ArF laser ablation device (Teledyne CETAC Technologies, Omaha, NE, USA) coupled with a Nu AttoM single collector ICP-MS (Nu In-struments Ltd., Wrexham, UK), housed at the Geological Survey of Finland. This configuration provides rapid, high quality, in-situ measurements of trace elements in glasses, minerals, sulfides, slags, mattes, spinels, etc. In this study, the laser energy was set to 30% of 5.0 mJ, resulting in a fluence of 2.5 J/cm 2 on the sample surface. A spot size of 85 µm and operating frequency of 10 Hz were selected. The laser typically ablates a circular pit into the sample, producing micro-to nano-sized particles of the target material which are transferred and introduced to the ICP for ionization, followed by subsequent analysis of the ions in the MS based on their mass/charge ratio. The analysis procedure included 5 pre-ablation pulses (for removal of the carbon coating and possible contaminants from the sample surface), 20 s pause, 20 s gas background analysis, and 400 ablation pulses. The mass spectrometer was operated in FastScan mode in low resolution (∆M/M = 300) to maximize sensitivity. Eight ablation points were analyzed from the slag phase of each sample.
NIST 612 and 610 SRM [32] were used as the external standards and Si as the internal standard for the analyses. The GeoREM preferred values [33] for Ga, Ge and In with their standard deviations in both external standards are listed in Table 2 . The standard deviations demonstrate the homogeneous spread of the elements-of-interest in the standard NIST glasses. The concentration of silicon was measured with EPMA. NIST 610 SRM or NIST 612 SRM, USGS BHVO-2G and BCR-2G [34] reference glasses were analyzed as unknowns for monitoring the analysis accuracy, which proved to be within ±10%. The time-resolved analysis (TRA) signals collected from the mass spectrometer were analyzed with GLITTER software [35] . The isotopes 69, 71 Ga, 70, 72, 74 Ge and 113, 115 In were analyzed for quantifying the corresponding minor element concentrations. However, some of these have significant interferences causing incorrect concentration values. Gallium isotopes were interference-free, so averages of them ( 69 and 71 Ga) were used, whereas, for germanium and indium, only one isotope from each was considered interference-free, 74 Ge [36] and 115 In. The average detection limits of the used isotopes, calculated by the GLITTER software, are shown in Table 1 . Additionally, samples from a previous study [11] at alumina-iron spinel-saturation were re-analyzed with LA-ICP-MS. The main purpose of this work was to study the thermodynamic properties of high-tech metals in copper smelting conditions, i.e., their concentrations in the liquid phases and their distribution coefficients. The distribution coefficient, L Cu/s , describes the mass ratio of an element between two phases [wt% M] in copper /(wt% M) in slag . The minor element concentrations were low, and thus, they obey Henry's law [37] . The phase compositions and chemistry of the slags were presented in more detail in our other publications [27, 38] .
Results
The calculated average concentrations and standard deviations of indium, gallium and germanium in both liquid phases are presented in Table 3 . The copper phase was analyzed only with EPMA, whereas the slags were analyzed with EPMA and LA-ICP-MS employing two different external standards (NIST 610 and 612 SRM). The small standard deviations indicate homogeneous phases and lack of concentration gradients, and thus good quenching and equilibrium conditions achieved.
Indium was the only minor element analyzed reliably from the copper phase in all experimental conditions with both techniques. Indium dissolution changed radically when the atmosphere was changed, i.e., in reducing conditions indium dissolved more into copper as a metallic species and in oxidizing conditions into slag as an oxide. The addition of basic/amphoteric oxides seemed to increase the concentration of indium in the copper phase. The concentration of indium in slags increased greatly as a function of increasing oxygen partial pressure. As the phase relations vary with different starting compositions of slags and with different atmospheric pO 2 , the distribution coefficient describes minor element behavior better than solute concentration values separately. Gallium concentration in copper was above the detection limit only at pO 2 10 −9 atm, and the concentration of germanium fell below the detection limit of EPMA in all conditions in both copper and slag phases. LA-ICP-MS was capable of measuring the concentration of germanium in slags, and the external standard used did not seem to have an influence on the measured concentrations. In general, the concentration of germanium in NIST 612 is closer to the concentration in the analyzed samples. Thus, it can be considered to provide more accurate results.
Comparison between the analytical techniques must be made by acknowledging the strengths of both techniques and the optimal concentration ranges of the selected standard reference materials. Trace element concentrations of >1000 ppm are twofold or even higher than the concentrations in the external standards selected for LA-ICP-MS analysis (see Table 2 ), thus potentially explaining the difference from the EPMA results. Another reason for the difference between EPMA and LA-ICP-MS results for In and Ga might have been caused by the different volatility of elements in the standard material and the samples during the LA-ICP-MS analyses. In the case of gallium in slags, EPMA data are roughly 15% higher than the LA-ICP-MS data. However, since the laser was unable to ablate nearly pure Cu metal, the copper phase data are only from the EPMA, and hence, for consistency, only EPMA data are used for Ga in the distribution calculations presented here. The error bars shown in the graphs (Figures 4 and 5 ) represent standard uncertainties of the experimental data (1σ). Some estimations on the evaporation level can be done from these concentration results presented in Table 3 . Germanium was clearly evaporated almost entirely, >99%, as the concentrations in both liquid phases were below the detection limits of EPMA. In addition, it seems that large percentages of indium and gallium were evaporated, although the mass balances cannot be calculated accurately (requires a very large number of assumptions). In industrial processes, the vaporization is greatly dependent on the technology used, but the distribution coefficients between copper and slag are independent of the smelting technology. Thus, this study approached the recoveries and behavior of minor elements mainly from the measured concentrations and calculated distribution coefficients in liquid phases.
Discussion
The distribution coefficients of indium as a function of oxygen partial pressure and slag composition are presented in Figure 3 . Both analytical techniques were capable of analyzing reliably the concentrations of indium in slags, and thus, comparative distribution coefficients were plotted in the figure. For LA-ICP-MS, the slag results have been calculated based on the measurements employing the NIST 610 standard, wherein the indium concentration was closer to the slags analyzed.
As can be seen, the In distribution coefficients and their trends are identical within error, independent of the analytical technique used for the slags. The distribution coefficient of indium was highly dependent on the oxygen partial pressure: in reducing conditions indium dissolves more into black copper, but after the converting stage it is mainly oxidized into the slag. If the converter slag is treated only by recirculating it back into the reduction stage, indium will accumulate into this slag circuit. Thus, the converting slag should be treated for indium recovery before recirculating. Indium evaporation is also recognized in our results and in industrial copper smelting [39] [40] [41] . Furthermore, old patents [42, 43] for indium, germanium and gallium recovery technologies employ their evaporation tendencies, as pointed out in our recent papers for many trace elements [27, 44] . Alumina addition did not influence the distribution coefficient, whereas the addition of lime increased it slightly. The slopes of the plots with pure iron-silicate slag are close to 0.7, whereas for alumina and alumina-lime containing slags they are 0.5 to 0.6. These slopes indicate di-and/or tri-valent forms of dissolved indium oxide in the slags. The distribution coefficients of indium between copper and slag obtained in earlier studies [11, 45, 46] fit well with our results. Moreover, the increasing influence on L Cu/s by lime was also observed previously [46] . Geological literature on indium is not directly comparable with our results, although Righter et al. [22] measured indium distribution between liquid Fe and a silicate glass as a function of temperature from 1500 • C to 1900 • C at ∆IW~1.4. Their distribution coefficients were between 0.1 and 1, which are in the same order of magnitude as ours.
distribution coefficients in liquid phases.
The distribution coefficients of indium as a function of oxygen partial pressure and slag composition are presented in Figure 3 . Both analytical techniques were capable of analyzing reliably the concentrations of indium in slags, and thus, comparative distribution coefficients were plotted in the figure. For LA-ICP-MS, the slag results have been calculated based on the measurements employing the NIST 610 standard, wherein the indium concentration was closer to the slags analyzed. The distribution coefficient of gallium as a function of oxygen partial pressure with calculated uncertainties is presented in Figure 4 , as well as the distribution results from our previous study [11] at spinel-saturation and a few geological partitioning results between Ni-Fe and silicate glass [17, 18] . A trend line representing the Ga 3+ form as oxide GaO 1.5 is also drawn on the figure. Only EPMA results were employed for calculating these distribution coefficients. Overall, the concentration of gallium in the copper alloy was below the detection limit at partial pressures >10 −8 atm. This can be seen from the changing slope of the plot at 10 −7 atm (Figure 4) , and larger uncertainties and experimental scatter compared to the 10 −8 to 10 −10 atm range [11] . Thus, the trend line to evaluate the oxidation degree (Ga 3+ ) was done according to the results of this study and our previous study [11] at low partial pressures ≤10 −8 atm.
The distribution results fit well with our previous study, and also with geological studies between Fe-Ni metal and silicate glasses [17, 18] . Geological studies and the previous metallurgical study at spinel-saturation [11] indicate Ga 3+ (GaO 1.5 ) dissolution form in silicate melts and slags. No influence by different silicate slag compositions nor metal phase compositions (Ni-Fe or Cu) on the distribution coefficient were observed. The distribution coefficient is dependent on the oxygen partial pressure, but under both reducing and oxidizing smelting conditions gallium was distributed more into the slag phase. Thus, its recovery should be accomplished by treating the smelting and converting slags, and depending on the smelting technology used, possibly from dusts and/or fumes as well. gallium in the copper alloy was below the detection limit at partial pressures >10 −8 atm. This can be seen from the changing slope of the plot at 10 −7 atm (Figure 4) , and larger uncertainties and experimental scatter compared to the 10 −8 to 10 −10 atm range [11] . Thus, the trend line to evaluate the oxidation degree (Ga 3+ ) was done according to the results of this study and our previous study [11] at low partial pressures ≤10 −8 atm. The concentration of germanium was below the detection limit of EPMA in both phases. This result indicates high volatilization of germanium, as also suggested in our previous study [11] . The volatile nature of germanium was also acknowledged in geological studies and by industry [47, 48] . Figure 5 presents solute concentrations of germanium in slags with the standard deviations according to LA-ICP-MS; in addition, the re-analyzed spinel-saturated iron-silicate slag results [11] were added to Figure 5 . The concentrations at silica-saturation were shown to be around 1 ppm without a clear trend as a function of pO 2 . Figure 5 . The concentration of germanium in different iron-silicate based slags as a function of oxygen partial pressure at 1300 • C. ISA and ISA+C indicate to iron-silicate slags, including~15-20 wt% alumina (ISA) and~15-20 wt% alumina and 5 wt% lime (ISA+C) [11] .
As no reliable concentration results were obtained for germanium in the copper phase, the maximum distribution coefficient, i.e., "limiting coefficient", can be evaluated as follows: Previous publications regarding the behavior of germanium in copper smelting at 1300 • C show distribution coefficients of 4 to 0.4 [11] in the pO 2 range of 10 −10 -10 −5 atm and 50 to 0.2 at pO 2 10 −10 -10 −7 atm [49] . Research conducted in lead smelting conditions shows lower distribution coefficients (L Pb/s Ge) of 0.1 to 0.001 at pO 2 10 −12 -10 −8 atm [50, 51] . Geological studies have presented distribution coefficients of 1000 to 3 at pO 2 range 10 −12 -10 −8 atm (1260 • C) [17] and 10,000 to 100 at pO 2 range 10 −10 -10 −14 atm (1300 • C) [18] between Ni-Fe metal and silicate glasses. The previous results from lead and copper smelting experiments suggest both divalent Ge 2+ (GeO) and tetravalent Ge 4+ (GeO 2 ) forms, respectively. A geological study by Cabobianco et al. [17] suggests a tetravalent Ge 4+ form (GeO 2 ) with pO 2 = 10 −10 -10 −8 atm at 1300 • C, and several other studies [15, 18, 47] suggest di-or trivalent (Ge 2+ or Ge 3+ ) forms in highly reducing conditions.
Conclusions
Securing the high-tech metal supply requires the optimization of primary and secondary production of base metals as well as improved characterization of the thermodynamic properties of high-tech metals. In this study, a multidisciplinary approach for investigating the behavior of Ga, Ge and In was employed: An analytical technique more typical in geology was used for metallurgical slags, and the results obtained were compared to existing geological literature. The behavioral properties of high-tech metals in copper-slag systems were characterized at 1300 • C in the oxygen partial pressure range of 10 −9 -10 −5 atm. The experiments were conducted employing a drop-quench technique followed by direct phase analyses with EPMA and LA-ICP-MS. The data obtained show that the distribution coefficient of indium decreased as a function of increasing oxygen partial pressure, providing improved recovery possibilities in copper under reducing conditions, L Cu/s ≈ 10. After oxidizing converting, the slag needs to be treated for indium recovery. Lime has a positive influence on the recovery of indium in copper. In condensed phases, gallium distributes strongly in the slag, and only at 10 −9 atm its distribution coefficient was measured reliably as 0.1. The recovery of gallium, according to the distribution coefficient, needs to be executed from the smelting and converting slags. Results are in the same level with previous geological studies on gallium behavior in Fe-Ni-silicate glass systems. Germanium was vaporized almost entirely in the copper smelting conditions investigated. Its concentrations in the slag were measured with LA-ICP-MS around 1 ppm.
